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THEORETICAL AND EXPERIMENTAL ANALYSIS OF LOW-DRAG SUPERSONIC
TNIETS HAVING A CIRCULAR CROSS SECTION AND A CENTRAL
BODY AT MACH NUMBERS OF 3.30, 2.75, AND 2.45

By Antonio Ferri and Louis M, Nucci
SUMMARY

A discussion of inlets having & circular cross section and a central
body, designed far high Mech numbers, has been mede. The optimum propor—
tion between extermal and internsl supersonic compression has been dis—
cussed in relstion to the extermnal drag’'and the maximum pressure recovery.
Practical design criterla have been given. Tests of inlet configurations
designed with the criteria previously discussed have been presented for
Mach numbers of 3.30, 2.75, and 2.45. Values of maximum pressure recovery
and shadowgraphs for different combinations of central body and cowling
shapes and for different positions of central body relative to cowling
have been given. The results of the tests have been analyzed from the
aerodynamical point of view. The results show that with the proper
selection of geometricel and aerodynamical parameters high pressure
recovery and low drag cen be obtained. Pressure recoveries of 0.57,

0.67, and 0.78 at Mach numbers of 3.30, 2.75, and 2,45, respectively,
have been obtained with very low external drag.

INTRODUCTION

In the design of supersonic inlets for ram Jets and turbojets,
two parameters are of fundamental importance: the maximum pressure
recovery obtainable from the inlet for a given Mach mumber and the drag
due to the aerodynamical phenomens of the inlet.

>
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The relative importance of the two parameters é'iaendet-on,‘the,prao—
tical application being considered. Therefore, éxact discussion of
the optimum inlet design is not possible. However, in gemepal;sit i
possible to show that the drag due to the deceleration’ of flow from'.)gigh
speeds to low speeds becomes more importent when the free—sl::‘r;ga‘m Ma.c}h
nunber increases. : : AR ’; :
[l M

Usually for ram—Jjet burners and turbojet compresgors, the flow must

be decelerated to speeds of the order of 0.2 to 0.3, the speed of sound.

Therefore, at low free—stream super_'sonic__ﬁM_ach numbers of 1.4 to 2.0, the
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maximm cross section of the stream tube is at the burner or the com—
pressor. (For the turbojet the actual speed in front of the compressor
is usually higher, but the total cross section_considering also the
 central part of the compressor corresponds to Mach numbers of the order
of those considered.) For this reason, an external shock drag always
exlets regardless of the type of inlet considered. Thus the external
shock drag can be efficiently used for the compression of the flow which
goes into the inlet., In the range of Mach numbers between 1.4 and 2.0,
it is usually possible to design any perticular .type of inlet without
any large difference in external drag (reference 1). Therefore, the
parameter of external drag is not of primary importance in selecting the
type of inlet. However, it is important that the serodynamic design of
the inlet be made correctly. This conclusion depends essentially on the
fact that, in the Mach number range considered, a given external drag
mist exist and the supersonic deceleration of the flow can produce only
a small increase in pressure along the boundary of the stream tube which
goes into the inlet. Therefore, the compression and subsequent shock
that can be produced in the flow by the entering stream tube cannot be
too large. This compression 1s of the same order as the increase in
pressure and corresponding shock necessary at the lip of the cowling to
have an serodynamically good shape for the body which contains the ram
Jet or turbolet.

In this lower Mach number range, supersonic inlets with a large part
or all supersonic external compression are considered very good becsuse
the maximim pressure recovery which can be chtained 1s higher than for
other types of inlets; and with good aerofiynemical design, the increase
4in externsl drag due to external compression can be reduced or neutralized.

The incresse in pressure recovery in this range is useful for two

reagons: (1) the thrust per unit mass flow increases; (2) for a constant _

mass flow the size of the burnsr decreases because the density in front

of the burner is higher. When the size of the birrner decreases, the
external dlameter of the ram Jet or turbojet decreases and thus the
over-ell drag is less, L - -

As the value of the free—stream Mach mumber' increases, the considera—
tion of drag connected with the inlet becomes more important. Indeed,

the external shape of the body tends in meny cases to approach a cylinder;l

therefore, the minimim necessary shock drag produced by the external
shape of the body which contains the ram Jet or turbojet decreases
greatly and can approach zero., However, the draé which can be produced
by the aerodynamic phenomena due to the external compression of the flow
which enters the inlet increases greatly as the Mach mumber increases.
Therefore, the differences in external drag between different types of
inlets can be very large. The increaso in drag produced by a lerge
external compresgion is due to the large increase in presgure and to the
correspondingly large deviation of the streem direction at thse lip of
the cowling. The deviation of the stream requires & large inclination
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of the lip of the cowling with respect to the undisturbed stream; there—
fore, the ratio between the maximm cross section of the body which con—
talns the inlet and the cross section of the free—stream tube must be
large. Now, for a constant velocity in front of the burner or campressor
and constant cross section of the burner or of the compressor, the free—
stream tube increases when the free—stream Mach mumber Increases; there—
fore, for Mach numbers greater than those previously considered, the
maximum cross section of the ram jet or turbojet occurs at the entrance ’
of the inlet end not at the burner or at the compressor. In this case,
an increase of pressure recovery no longer permits a decrease in the size
of the body that contains the turbojet or ram Jet but in some cases
requires an increase of body diameter., In this range of Mach numbers,
the drag is a fundamental parameter in the selection of an inlet.

In order to glve an idea of the changes which occur when the Mach
nunber increases, a comparison has been made between inlets having all
external compression and all internal compression for free—stream Mach
nunbers equal to 1.6 and 3.0. For M = 1.6 the preesure recovery which
can be expected for an inlet with Internal compression is of the order
of 0.87 (reference 2), whereas for an inlet with all external compression
the pressure recovery can be of the order of 0.94 (reference 1). If the
crosgs—sgectional areas of the free—stream tubes are assumed as the areas
of reference and are considered equal for both cases, then the maximmm
croass section of the burner fixing the Mach number in front of the burner
at M= 0.3 is 1.87 the cross section of the free—stream tube for the
cage with internal compression and 1.73 the cross section of the free—
stream tube for the case with externsl compression, An 8 percent decrease
in meaximm cross section of the burner is obtained for the inlet with
external compression.

If the frustum of a right circular cone having a 6° half angle is

assumed as the external shape of an inlet with internal compression
(£ig. l) the pressure coefficient at the 1lip of the cowling is P = 0,192
and becomes of the order of 0.053 st some distance from the 1lip. Assuming

= 1 at the entrance of the inlet, the inclination of the lip for the
inlet with external compression becemes of the order of 14°, and, there—
fore, the pressure coefficient becomes P = 0,62, However, along,the
gsurface ,the presgsure coefficient decreases very rapldly to zero and the
drag of the two inlets is of the same crder of magnitude (reference 1).

Assuming a pressure recovery of 0.49 at a Mach number of 3,0 and
fixing the Mach number 1n front of the burner at M = 0.30, the cross
section of the burmer is 0.981 of the cross section of the free—stream
tube (fig. 2). Therefore, the external shape of the ram jet or turbojet
can be cylindrical of the same dismeter as the free—sitresm tube and for
the inlet with all internal compression the shock dreg can be zero, If
the speed in front of the burner or compressor decreases somewhat, the
maximum cross section of the ram Jet or turbolet increases but still is of
the same order of magnitude as the cross section of the free-stream tube.
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When an inlet with ell externsal compression is considered Ffor the
same Mach number, the deviation of the 1lip of the cowling must be of the
order of 33° if the external shock is at the lip of the cowling, and,
therefore, the pressure coeffficient at the 1ip will be of the order
of P = 1.036. Therefore even if a very rapid éxpansion is introduced
near the 1lip, the external drag coefficient will alweys be very largs.
Because a deviation of 33° 1s necessary &t the 1lip, it is—aﬁparent that
the maximm diameter of the body which contains the inlet (fig. 2) mst
be larger then the free—stream tube diameter. " '

For high Mach numbers of the order of 3.0, 'a compromise must be made
between the Iincrease in pressure redovery and the increase in Irag.
Therefore, it 1le necessary to determine the pregsure recovery for inlets
with low external drag in order to have information for the proper selec—
tion of inlets. : |

Directed by these considerations, a preliminary investigation was
conducted in the Gas Dynamics Sectlon of Langley Aeronautical ILeboratory
in order to determine the optimum pressure recovery which could be
obtained for low—drag inlets in the rangs of Msch number between 3.30 °
and 2.45, This determination permits & comparison of these inlets with
inlets designed primarily with the criterion of obtaining very high pres—
sure recovery (references 3 and L) with no consideration for reducing
the external drag. The inlets inveatigated were nose inlets with
vartially extermal and partially internal supersonic compression. They
were designed after a preliminary anelysis of the conditions required

in order to have low external drag. In these inlets, compression through'

a conical flow is used to obtain external compression, Different values
of cone angle, central-body diameter, cowling shape, and central-body
position relative to the cowling were included in the tests. The results
provide a good aerodynamic design of the inlet for every practical case,
because 1n practical applications the meximum diameter of the body whicl-
contains the ram Jet or turbojet is given. When the externsl diamster
-of the body and the size of the free-stresm tube of the entering flow
are known, the minimum possible external drag which must be incurred can
be evaluated. The proportion between internsl and externsl diffusion
used in the inlet can be determined with the criterion of producing a
drag of the same order as the minimum drag fixed. by the ratio beiween
diameter of the free—stream tube and the maximum diameter of the body.

SYMBOLS B =

M Mach number : T D ol
P free—atream static pressure

P local static pressure Do 27 =
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q free—stream dynsmic pressure
P pressure coefficient EE;:;E.
Pq total pressure of free stream
Pp total pressure after diffusion
Pp/P, Pressure recovery
Dy maximm diasmeter of central body
D1, entrance djemeter of cowling

DB/DL central body diameter ratio

€ shock wave angle

e semicone angle of central body

91 cowling position perameter (angle between axis of diffuser and
line Joining apex of cone to lip of cowling)

91* . cawling position parameter for which conical shock wave attains
1ip of cowling

67 cowling position parameter for which the internal contraction

ratio corresponds to the value given by one—dimensional theory
as the maximm contraction ratio for which the internsl dif—
fuser starts at the Mach nunmber at the entrance of the diffuser

AERODYNAMIC CRITERIA USED IN THE DESIGN OF THE INLETS TESTED

In order to obtain high pressure recovery, it is necessary to
decelerate the air from the free—stream Mach number to a low supersonic
speed wlth small shock losses and then pass to subsonic velocity with a
shock near M = 1. The diffusion of the supersonic stream can occur
before the stream enters the inlet (external compression) or inside the
inlet (internal compression). The external compression is produced by
compression waves or shock waves which are generated at the center of the
stream and which tend to converge and form only one shock wave. This
shock wave can extend beyond the stream tube which enters the inlet,
rroducing a verlation of momentum in the external flow, and, therefore,
an external drag. In the stream tube entering the inlet the compression

A
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can be very nearly lsentropic, and, therefore, the external compression
becomes very efficient.

The internal compression occurs without: interference with the out—
side flow, and, therefore, does not require external drag. The maximum
com@ression which can actually occur depends on the maximum possible
contraction of the stresm permitted by the starting conditions (refer—
ence 2). Inlets with internal compression give very low pressure
recoveries for high Mach numbers.

In order to obtain high pressure recovery and low external drag,
1t is necessary to use externsl compression. But it ig necessary to
avold lettling the compression waves produced.from the external compres—
sion extend to the flow outside the inlet. This condition can be pre—
vented by letting all the compression waves meet the inlet at the lip
and then introducing a finite variation in the direction of the stream
at the lip (fig. 3(a)). In this case the compression waves are reflected
inside the inlet and do not extend to the externsl flow. This design
decreases or eliminstes the externasl drag and permits the use of external
compression, which reduces the limitation of the starting condition.
However, the meximum value of external compression which can be employed
ig fixed by the condlition of having supersonic flow at the 1lip of the
cowling, -

In order to clarify the existence of this limitation, consider the
supersonic diffuser shown in figure 3(a). The stream is compressed by
compresgion waves produced along the central body 0D, The compression
waves meet at A, However, the internsl 1ip angle of the cowling is
parallel to the direction of the undisturbed flow; therefore, the com—
pregsion waves are reflected internally as a shock wave AE from the
point A. If the flow at A 1is supersonic, no interference between the
internal and external flow exists, and, therefore no external shock drag
is produced by the internal flow.

Because the reflection that eliminates the deviation of the stream
mat produce a shock wave of finite strength, the reflection at A 1is
only possible if the meximum deviation corresponding to the Mach number,
at A %Dehind the compression wave DA is somewhat larger than the
deviation which muet occur acrossg the shock ~AE. The maximum possible
intensity of the reflected shock at A 1s dstermined not only by the
condition at A but also by the necessity of reflection of the shock AE

at the surface of the central body, point E . (fig. 3(a)). Also this com—

dition which will be discussed later requires that the reflected shock AE
be of small Intensity in order to obteain good:pressure recovery. If the
lip of the inlet is parallel to the free stream, the maximmm external
compression which can be used is small because the deviation across the
reflected shock at A 1s equal to the deviation due to the external
compression.

i .‘l'-IL :
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The internal compression efter’ the externsl compression ODA is
limited by the starting conditions; therefore, the total compression is
far from the isentropic.

Tn the scheme analyzed, the intensity of the externsal compression
is limited by the intensity of the reflected ghock wave at A; therefore,
the intensity of the externsl compression can be sensibly increased If
the 1ip of the cowling is slightly inclined with respect to the free
stream (fig. 3(b)). In this case, the intensity of the reflected shock
wave AE 1is reduced. Therefore, the Mach number &t A behind the
compression waves ODA can be reduced and the external compression
increased. A shock wave AG is thereby produced in the external flow
which generates extermal shock drag. Because the external shock drag
depends directly on the variation of entropy across the external shock
waves, the shock drag can be reduced by producing & rapid expansion
along AH 1n the zone near A +that decreases,the intensity of the
shock AG, thus reducing the drag.

The intensity of the shock which can be accepted practically at A
is dependent on external drag considerations, and camnot be fixed with
genseral criteria. In particular, the value selected for the inclination
of the lip of the cowling is a function of the ratio between the cross
gection of the free—stream tube and the maximum diameter of the body
which conbtains the ram Jet or the turbojet. Usually in practical appli-—
catlong for free—stream Mach numbers of the order of 3,0 the maximm
dlameter of the body containing the ram Jet or turbolet is slightly
larger than the maximum diameter of the body which contains the lnlet,
and, therefare, an external shock drag must exist. In this case, this
exbternal drag can be used in order to increase the Intensity of the
external compression, and, therefore, the total pressure recovery and a
shock wave of some intenslity can be accepted at A without Increasing
the minimim external drag required for the body.

Fixing the 1lip angle of the cowling so as to permlt reflection of
the compression waves, it is necessary to design the internsl shape of
the inlet so that internal supersonic flow can occur.

This condition fixes the.value of the maximum contraction ratio
which can be used for the internal compression. The contraction ratio
which is 8 function of the Mach number existing behind the external
compression can be obtained in the first approximation with one—dimensicnal
criteria given in reference 2. °

In order to have supersonic flow inside the inlet independent of
the starting conditions, it is necessary that the internal channel be
designed with the criteria of permitting the existence of the shock AE
(fig. 3(b)). Now the shock AE produced by the lip of the cowling can
exist if the shape of the central body at E permits reflection of the
shock AE, If the bourdary-layer effect is neglected, this condition
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can be respected by fixing the 1ip amgle and ".ae shape of the body near E
in such a manner that the Mach number and the direction of the flow at E
permite the reflection of the shock,

However, the presence of a well-developed boundary layer at E makes
the problem more difficult, The reflectlon at E cannot be exactly
determined by theoretical analyesis, When the shock AE is strong and
the boundery layer before E has undergone a large positive pressure
gredient, separation can occur behind- the shock which results in a reduc~—
tion of the geometrical sectlon and choking of the internal diffuser.

For this reason, especially when the chosen velue of the external com-—
pression is small, often it 1s more convenient to obtain all the compres—
gion across a shock wave from the apex of the central body, rather than
across -graduel compression waves produced along the surface 0D, since
the compression waves produce & positlve pressure gradient that increases
the thickness of the boundary leyer. The possibllity of the reflection
cen be assured by introducing a locel expansion in front of the point of
reflection E,

In figure 4 the design of an inlet using this criteria is shown.
The figure also gives the flow analysis cobtained with the characteristics
theory (reference 5). The central body of the inlet has a semicone

angle of 250 and for the deslign Mach number of 3.301 the shock generated

by the cone is reflected at the lip of the cowling. The lip of the

cowling bas an internal inclination of 4° with respect to the free streém.-.”

The Mach mumber hehind the conlcal shock is 2.3 and the deviatlon across
the conical shock is 17° 51'; therefore, the reflected. wave corresponds
to a deviation of 13° 51', The maximm possible deviation for a Mach
number of 2,3 is the order of 27°, The difference between meximum
deviation of 27° and the deviation used at A is large because the
inlet has been designed to have intermal supersonic flow also for large
angles of yaw for which the assurance of reflsction of the shock from
the 1lip at the syrface of the central body becomes more critical. The
maxinmum internal diameter of the cowling is l 052 of the free—stream
tube diameter,

The Mach number behind the reflected wave at the 1lip is 1.76. The
reflected wave tends to become stronger near the axis; therefore, in
order to permit reflection of the shock from the central body and in
order to avoid too large an internal comntraction ratio, an expansion is
introduced along the central body which accelerates the flow along the
gurface. A throat of almost constant cross section was added in order
to decreage the effect of separation behind the strong shock.

Considering all shock losses of the internal flow, an average theo—
retical pressure recovery of 0.62 was obtained for this configuration.
The experimental values can be expected to be near this value if boundary—
layer separation is avoided

The boundary layer increases the actual internal contraction ratio
increasing the efficiency of the internal supérsonic compression, but
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the losses due to the friction that are not considered in this analysis
decrease the efficiency and tend to produce some instability in the flow.
Tn order to eliminate this instebility, the shock cannot be at the throat
of the internal diffuser, and, therefore, the efficiency of the supersonic
compression decreases.

The external shock drag for this inlet has been determined analyti—
cally for the same Mach number, The external shape selécted and the
external shock configuration and pressure distribution are shown in
figure 4. The ratio between the maximum external cross section and the
free—stream tube cross section is 1,160, The drag coefficient referred
to the maximum ares of the body which contains the inlet is 0.0081 and
becomes 0.0095 if the free—stream tube area is used. The drag of the
cowling is small in comparison to inlets with larger external compres—
sion. For example, for an inlet with very large external compression
(diffuser no. 3, reference 4}, using a similer analysis Oswatitsch found
for a Mach number of 2.9 an external drag coefficient of 0.43 if the
maximim cross section of the inlet is considered and 0,90 if the maximmm
free—stream tube area is considered. This inlet has a very high pressure
recovery but a.very high drag, especially if referred to the free—stream
tube area, because the ratio between the area of the maximum cross section
of the body to the free—stream tube area is of the order of 2.1. This
ratio cannot be mich smaller since the deviation required at the 1lip is
very large (of the order of 35°).

When the free—stream Mach number in front of the inlet shown in
figure L4 1s reduced end the internal contraction ratio becomes too large,
a strong shock must be expected near the entrance of the inlet, as shown
in figure 5. For this condition, the pressure recovery does not decrease
greatly because the Mach number behind the conical shock is low, but the
external drag increases. However, also in this case the external drag
cannot be very large if the diameter of the free—stream tube of the
cowling is not much less than the maximum possible diameter of the free—

stream tube for the design condition because the externmal shock decreases
in intensity very rapidly due to the expansion around the cowling.

THE MODEL TESTED AND THE EXPERIMENTATL SYSTEM

~ In order to have some experimental values of pressure recovery which
can be obtained with inlets of this kind, models with different gecmet—
rical parameters were constructed and tested 1n en inftermittent flow
Jet. For comparison, an Inlet with very large external compression has
also been tested.

The general scheme of the model tested is shown in figure 6. The
models tested have a central body supported by three equally spaced

gtreamlined struts placed in the subsonic diffuser. The pressure recovery
has been determined by nine total-head tubes which permitted a survey
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along two redili In the maximum cross section of the diffuser. The static
pressure was algo determined at two radli in the maximm cross section
of the diffuser. The local Mach number at this section in which the
pressure recovery was measured was of the order of 0.15 for M = 3.30
and 0.2 for M = 2.45, The average pressure recovery was obtained by
the equation:

To

1 L
= = 2 . r dr
pfave:rage S TPE) oeal

1

where S is the area of the measuring pl&m.e,qr:L the radius of the
central body, and r, the internal radius of the cowling. The back pres-

sure was regulated during the tests by means of a.movable plug which was
placed on the end of the central body. : '

The test model wes go designed that the shape of the cowling, the
shape of the central body, and the position of the central body with
respect to the cowling (given by the cowling position pearameter 92)

could be easily changed. The position of the central body was varied .
by moving the central body axielly. Tests were masde fixing the position
of the central body before the tests (constant geometry diffuser) end a
few tests were also made changing the position .of the central body and,
therefore, the internal contraction ratio during the tests (variable
geometry diffuser). This part of the test was not extended because no
geins in pressure recovery were obtained by varying the geometry at a
fixed Mach number.

All the cowlings tested are shown in figure 7. Foun cowling shapes
were considered. Three cowlings had internsl and extermal 1ip angles
of 0°,29; 40 7% and 7°,10% respectively. Because no external dreg
measurements were considered in this series of tests, only the lip angles
and the intermal cowling shapes were designed with aserocdynamic criteria.
The fourth cowling 1s the cowling used in the inlet with large externsl
compression and was taken from reference 4. The actual shape of the
7°,10° cowling tested and given 1n figure 7 1s glightly different from
the original design. This difference, due to comstruction, is localized
et the 1lip and is small, Therefore, the cowling was not remade.

The central body shapes consldered are shown in figure 8. The two
funjamental paremeters considered 1n the design: of the central bodies
were the semicone angle 6, and the maximum diameter of the central

body DB/DL- The cone angle fixes the intensity of the external com—
pression, and the ratio Dp/Dy, together with the cowling position

paramster 63 flxes the internal cantraction retio. The central body
of the model with large exvernal compression given in figure 8(d) was

|1

»
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derived also from the dhta in reference 4. THe dimensions of the model
in reference L4 were not exactly given; therefore, tests were made for
different cowling position parameters.

The models were tested at three Mach numbers of 3.30, 2.75, and 2.45
at zero angle of attack. Some values of internal contraction ratio as a
function of cowling position parameter 6; were calculated in order to
obtain an experimental check on the one—dimensional theory for the
starting conditions and are shown in figures 9 to 11. The internal con—
traction ratio has been calculated considering a section perpendicular
to the average directlon of the stream in the zone comsidered. In
figures 9 to 11, the starting contraction ratio given by one—dimensional
theory has been indicated. The corresponding value of the cowling posi—
tion parameter has been called GIC. The cowling position parameter &¢*

that corresponds to the condition at which the conical shock is at the
1ip of the cowling has also been indicated.

The models tested had & meximum diameter of approximately 1.83 inches,
and the corresponding test Reynolds mumbers referred to the maximum 4iame—

ter were gbout 3.5 X 106 for M= 3.30 and between 3 &and 3.5 X 106
for Mach numbers of 2.45 and 2.75. This Reynolds number corresponds to
that of a body having a diameter of 2.3 feet at an altlitude of 70,000 feet.
The test-section jet dimensions were 3 X L° inches, approximately. All
tests were made in an open Jet, using low-humidity air from a large pres—
surized tank, The pressure readlngs were recorded photographically from

a precision pressure-gage manometer. THe maximum possible errors of the
measured values are estimated to be of the order of 1 percent.

ANATYSTS AND DISCUSSION OF THE RESULTS
The Maximum Pressure Recovery as a Function

of the Cowling Posltion Paramster

For every cowling and central—body combination considered the
Pigures 12 to 23 give the maximum pressure recovery obtained for dif-
ferent cowling position parameters for the three Mach numbers tested.

In order to distinguish the flow configuretions for which the flow at
the entrance is still supersonic from the configurations for which the
flow at the entrance is subsonic (fig. 5), two different symbols have
been used in all the figures. The circles indicate points corresponding
to configurations having supersonic flow at the entrance of the diffuser,
whereas the square symbols indlcate points for which the flow in front

of the inlet becomes subsonic. The second condition corresponds to a
larger external drag. The existence of supersonic or subsonic flow at
the' entrance of the diffuser was determined by an analysis of the
schlieren or shadowgraphs taken during the tests.
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In all the figures giving the value of the maximum pressure recovery
as a function of the cowling position parameter 65, two speclal values

of 8; are indicated. They are 6;* and jS previously defined.

The two parameters are important because for values of 6, less than 6;¥

the conical shock is ahead of the lip of the cowling; therefore, an addi-—
tive drag exists because the free—stream tube diameter corresponding to

the internal flow is smeller than the diameter of the intake (reference 1).

This drag muet be added to the external cowling pressure drag for deter—
mining the total drag. For values of '6; equal to or larger than 6%

for points indicated by the circle symbols the internal flow does not
interfere with the externsl flow, and, therefore, the total drag is equal
to the drag along the extermal gurface of the cowling and is small.

The value of Gzc indicates the position for which the starting

conditions of the internal diffuser given by the one—dimensional theory
are obtained, Thersefore, for values of 83 larger than 92 and

smaller then 6% all extermal supersonic compression (square symbols)
is predicted by the one~dimengional theory. )

The value of ezc has been determined by using the average Mach

munber between the lip of the cowling and at the surface of the cone,

and, therefore, loses significance when the shock is inside the 1lip. In
a few configurations expansion waves ere produced in front of the entrance
of the inlet by the central body. In the determination of the value

of 03, the expansion waves for these few cages have not been consildered.

FPor all the tests if the mass flow is decreased somewhat below the
maximm possible value by throttling in the rear of the diffuser, an
unstable condition is attained and strong vibratlions are found in the
flow, These types of vibrations exist in all types of models tested
when the flow is choked in the reaer of the diffuser and have also been
found previously by references 3 and k4. :

The vibration regime corresponds to a fluctuation of the frontal
shock and a variation of the internal mass flow, These vibrations do
not exist when the flow at the entrance of the diffuser is subsonic for
starting reasons and the mass flow is the maximum possible, but appear _
also in this case when the mass flow is decreased by & large amount,

Some variation of Reynolds numbers does not affect the phenomenon of
vibration.

Figure 12 gives t%e values of the maximum pressure recovery as a

function of 83 for '5L3—B 0.733, 0. 83k, and 0,867 for 6, = 20°.

For g—i 0.733 (fig' 12(a)) the interna.l contraction ra,tio , .

is small, and, therefore, Internal supersonic*flow éan exist for all _
Meck numbers. Therefore, the externpa gt S ‘small, and the additive

C
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drag is zero for 6, equal approximately 33° or larger for all the test

Mach numbers. The value of the pressure recovery is low, If the diameter
of the central body increases (figs. 12(b) and 12(c)) the pressure
recovery increases until the intermnal contraction ratio becomes too

large and supersonic compression is all outside.

The maximum pressure recovery obtained for the 20° cone and
40,79 cowling is about 0.71 for M = 2,45; 0,63 for M= 2.75; and 0.54
fOI’ M = 3.3oa

Figure 13 gives the maximum pressure recovery obtained for 6, = 20°

D
and the 7°,10° cowling for ﬁB = 0.719, 0.817, and 0.850, The results

are similar to those obtained for the 4°,7° cowling., The maximum pres—
gsure recovery obtained for M = 3.30 for ]:;—3 = 0.850 1is 0.54 (fig. 13(c)).
L

The imternal flow is supersonic for a contraction ratio slightly higher
then the maximum contraction ratio considered by one—dimensional theory.

Figure 14 gives same results for 6, = 22° and the 0°,2° cowling
D
for D—i = 0.733 end 0,767 for M = 2,45, The compression occurs outside

of the inlet. The contraction ratio of the configuration tested is
larger then the contraction allowed by the starting conditions so that
the diffusers do not start. -

Figure 15 gives the maximum pressure recovery as & function of the
cowling position peremeter for 6, = 22° and the 4°,7° cowling for

5D§ = 0.733, 0.767, 0.800, 0.834, end 0.867. The flow at the lip is
L D
supersonic for D—i = 0.733 and 0.767 (figs. 15(a) and 15(b)) for the
range of all Mach numbers, and maximum pressure recovery values of 0.77,
0.64, and 0.42 are obtained for Mach numbers of 2.45, 2.75, and 3.30,
respectively, with very low external drag in all the range tested. If
the diemeter of the central body increases, the maximim pressure recovery
for higher Mach numbers increases, but the range of Mach numbers far

D
which the flow at the lip is supersonic decreases. For :_62 = 0.80 pres—

L

gure recovery values of 0.67 and 0.49 are obtained for Mach numbers

of 2.75 and 3.30, respectively (fig. 15(c)), whereas for i—f = 0,834

(fig. 15(d)), the pressure recovery for M = 3.30 is 0.56., If the mass
flow is decreased (of the order of 8 percent), a strong shock occurs in
Pront of the lip of the diffuser and the pressure recovery decreases
glightly. The values of pressure recovery corresponding to a decreased
mass flow ere given in figure 15(d) (M = , square symbols).
TIncreasing the dismeter does rﬁ ¢ '

o

e pressure recovery (fig. 15(e)).
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gure 16 gives the values of the.maximum pressure recovery for

8, and the 7°,10° cowling for central—body;diameter parameters

of 0.T719, 0.752, 0,78%, 0.817, and O .850. For .EE = 0.719, 0.752,
- L

and 0,784 (figs. 16(a) to 16(c)) the flow in front of the inlet can be

. .. D
supersonic far all the reange of Mach numbers considered. TFor 52 = 0,784
L
for supersonic flow at the entrance, meximmum pressure recovery velues
of 0.75, 0.67, and 0.k5 are obtained for the three Mach numbers (fig. 16(c));
D
whereas for 5% = 0,850 (fig. 16(e)), & maximym pressure recovery of 0.57
ig obtalned for M = 3,30. The pressure recovery for M=2 A5 for

D D -
DB O 850 is less than for 5§ = 0,752, The flow in front of the inlet
L L
D
is subsonic in both cases, but for 53 =0 850 6; 1is far from 6;% and,
L

therefore, some expansion waves are produced by the central body in front
of the lip.

Figures 16(a), 16(b), 16(d), and 16(e) also give some values of —
pregsure recovery for reduced mess flow. The gorresponding decrease of
. mags Plow is of the order of § percent. For 5% = 0,752._end M =2.,45
(fig. 16(b)) the maximum pressure recovery is cbtained when the mass
flow is reduced and the shock is outside. This and similar data obtalned
in all the tests show that the losses due to boundery layer and the
necessity of internal flow stabllity are very important from the point
of view of pressure recovery. Practically,it is not possible by
increaging the back pressure to put the normsl shock near the throat,
but it is necessary to have supersonic flow in some extent at the diver— .
gent diffuser., Tests have been made without verylng the back pressure
after the internal diffuser has started for inlets having high internal
contraction ratica. The maximum pressure recovery that can be obtained
in this condition for a Mach number of 3.3 1s obly slightly less (of the
order of 2 or 3 percent) than the maximm that can practically be obtained
by increasing the back pressure after the diffuser has gtarted, while
the theoretical gain 1s of the order of 10 percent or larger. The data
shown in figures 16(a}, 16(b), and 16(e) confirm these results.

Figure 17 gives the results for 6, = 25° :and 0°,2° cowling for
=2 = 0.733, 0.767, and 0.800. The flow is su'bsenic in front of the dif—
L
fuser in all the rangs of Mach numbers and cowling position parameters
tested because the deviation across the shock is very large (8 = 18°
for M = 3.3) and the reflection of the shock from the lip at the sur—
face of the central body 1ig not possible. : -

T
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Figure 18 gives the results for 6¢ = 25° and 40,7° cowling for

D D

D~B = 0.733, 0.767, 0.800, 0.834, 0.847, and 0.867. For 5—13 = 0.733

L

and M = 2.45 the flow is supersonic in the region of 6; = 6,*%, For
larger values of ZDB/DL the flow is supersonic only for values of 0,

very far from 6:%. The maximm pressure recovery in these cases is 0.76
1

(figs. 18(a) and 18(b)), whereas for subsonic entrance flow a value of 0.80
was obtained (figs. 18(c) and 18(d)).

For M= 2.75 the maximm pressure £ecovery of 0,67 occurs with
subsonic flow in front of the inlet for EB- = 0,867 (fig. 18(f)), whereas
L

D .
for supersonic flow at the entrance for 53 = 0,800 the pressure recovery

L
ig 0.6k, TFor %)-]i = 0,847 +the supercritical condition has not been

determined.

The results of 6, = 25° and the 7°,10° cowling are given in
D3
£igure 19 for :-'E = 0,719, 0.752, 0.784, 0.817, 0.830, and 0.850. For

M=24 and % = 0,719 & pressure recovery of 0.78 has been obtained

for supersonic flow at the entrance. The corresponding values for
M.= 2,75 and 3,30 are 0.60 and 0.42, respectively. At a Mach number

of 2.75 and for %’i = 0,752 and 0.784 (figs. 19(b) and 19(c)) the pres—
L

sure recovery is lerger for subsonic flow in %’ront of the inlet than for
supersonic flow in front of the inlet, For -D—i = 0,817 the maximum
pressure recovery at M = 3,30 1is 0.53. When the mass flow is decreased,
the shock Jumps outside and the recovery drops to 0.51. As was previously
explained,for all cases In vwhich reduced mass flow data are given, the
reduction of mass flow must be small and of the order of 10 percent.

For larger variations of mass flow, unsteady flow conditions have been

found.

Figure 20 gives the results for 6, = 30° and the 0°,2° cowling

D

for M= 2.,h5 for D—B = 0,767 and 0,.800. For these conditions the flow
L

in front of the inlet 1s subsonic. The contractlion ratlo is greater than

the starting contraction ratio.

The values of pressure recovery for 6; = 30° and the )+°,"{° cowling
Dp

for = = 0.733, 0.767, and - -are-giyan in figure 21, For Mach numbers
Dr, ’ ’ %‘%&ﬁ
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of 2.45 and 2.75 the reflection of the shock inside the inlet cannot
occur eand, therefare, the flow in front of the inlet is subsonic. The
reflection can occur for M = 3.30. The ma.xinnm pressure recovery
obtained for M = 2,45 4is 0.82 and the maximum recovery for M = 3.30
is 0.46 (rig. 21(c)).

The results obtalned for &, = 30° and the 7°,10° cowling are
given in figure 22 for g——LB = 0,719, 0.752, and 0,78k, Because of the

smaller intensity of the reflected shock at the 1lip of the cowli the
inlet can have internal supersonic flow for M= 2.75 (fig. 22(2?

At this Mach number the pressure recovery is higher with subsonic flow
at the entrance, '

Figure 23 shows the maximum pressure recovery as & function of the
cowling position parsmeter for the inlet with large external compression.
The inlet never has "Internal supersonic flow. :The maximum pressure
recoveries obtained are 0.8%, 0,72, and 0.5k for M= 2,45, 2,75, and 3.30,
respectively.

The analysis of all the curves shows that for 6; larger than eIG

and smaller than 6;* usually the flow in front of the inlet becomes

subsonic in sgreement with one—dimensional theory. (See figs. 12(Db),
12(0) 13(v), 13(ec), 15(b) to 15(e), 16(c) to 16(e), 18(b) to 18(4a),
é(f) ) Only in o few cages has a higher contra.ction retic then
iven by.one~dimensional theary been found. See, for exsmple, figures 12(b)
M=2.,75), 13(c) (M =3.30), 15(c) (M=2:75), 15(a) (M=2.75),
and 15(e) (M = 3.30). The differences are very small end can be Justi—
fied by the inaccuracy of determining the stream-tube areas and the Mach .
number in front of the entrance. For example, the increase in Mach
nunber due to the expansion waves from the central body has not been
considered. For some configurations, subsonic flow in front of the
entrance hag been found when the contraction ratio is less than the
starting contraction ratio., In these cases, subsonic flow is due to
the imposgibility of reflecting the conica.l field at the lip of the
cowling or at the surface of the central body, as was previously dis—
cussed. For example, for 6, = 25° and the 0°,2° cowling (figs. l'T(a.)

to 17(c)) for Mach numbers of 2,45, 2.75, and 3. 30 the reflection of
the shock is not possible,

Another example 1s given by the data in figure 19. The diffuser  __
gtarts at M= 2,45, 2,75, and 3.30 for = 0,719, 0.752, and 0.78%,

Dp

while subsonic flow occurs in the zone of 01, for B = 0.817, 0.830,

Dy,

and 0.850., For these large dismeters the diffuser starts for lower
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values of 63;. This phenomena can be explained by the following con—
sideration., For larger values of DB/DL the Mach number and the direc—
tion of the stream in front of the inlet are closer to the conditions

on the surface of the cone. Therefore, the reflection becomes more
difficult. However, when the value of 6; is small, expansion waves

are produced by the central body in front of the inlet, thereby increasing
the poseibility of reflection. The pressure recovery obtained when the
flow in front of the 1lip is subsonic is in gome cases larger than the
meximm given theoretically by compression across the conical shock and
e normal shock 1n front of the cowling. This result seems strange
because also the subsonic diffuser produces some losses. The shadow—
graphs of the phenomens discussed later give an explanation of the
results, The compression in front of the inlet occurs across a

lambda shock produced by the boundary layer at the surface of the cone.
Therefore, the shock losses for the campression in front of the inlet
ere much smaller than across a single normal shock., For supersonic flow
in front of the inlet the maxlimum pressure recovery lincreases when

67 1increases because the internal contraction ratic increeses. When
63 1is larger than 3%, the conical shock enters the inlet and expan—

glon waves are produced locally at the 1lip of the cowlingj therefore
the increase of 63 produces an increase of Mach number in front of

the inlet together with an lncrease in comtraction ratio. The two
variatlons have opposite effects on pressure recovery. Therefore by
increasing 64 beyond 6,%, an increase or decrease in pressure recovery

can be found. For subsonic flow in front of the inlet when 63 increases,

the pressure recovery tends to decrease because the strong shock moves
in the dlrection of the apex of the cone,

A few variable geometry tests have been made by moving the position
of the central body after the supersonic flow into the inlet had been
established. The motion of the central body permitted a variation of
the internal contraction ratlio because the diamster of the entering
stream tube, and therefore, the internal contractlion ratlo, changed,
Tests were performed for cone angles of 20°, 22°, .and 25° for the 4°,7°
and T7°,10° cowlings at Mach mumbers of 2.45 and 3.30 for different
central body diameters. No difference in the value of the maximum pres—
sure recovery has been found. The impossibility of obtaining higher
pressure recovery with this scheme can be attributed to the disturbances
in the subsonic region, which fixes the value of the practical minimm
Mach number in the divergent region of the dlffuser in order to have
stable conditions. o

However, the possibility of a small regulation of the position of
the central body can be very important in practical applications for
two reasons., The motion of the central body permits the changing of the
internal contraction ratio, and, therefore, permits the use of the best
poseible configuration at every Mach number. The best configuration can
be the configuration of minimmm drag or highest pressure recovery. For
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example, in figure 16(e) the optimum €, for ‘M = 3.30 is about 31°, -
whereas for M = 2,45 end 2,75 the optimm 6; is 29,5°, -

For'a given Mach mumber a movement of the central body permits a ~
regulation of the dimension of the intermsl stream tube dlsmeter and thus
permits supersonic flow at the entrance also for reduced mass flow, For
example, from figure 19(f) by changing €; from 33.4° to 31.5°, a
1h-percent reduction in mass flow can be obtained with internal super—
gonic flow. The motion of the central body would be 0,015, the diameter
of the cowling, Such a regulation of mass flow can be very useful in
order to meet the desired flight requirements. Some of the configura— -
tions have been tested at small angles of attack (1° and 2°) and no
chenges have been found in the values of pressure recovery,

i

The Effect of the Cone Angle Parémeter on %he
Meximum Pressure Recovery Obtained _

The figures 12 to 22 give the maximum pressure recovery obtained . =

for the Mach numbers considered for every central body diameter and 'S
cowling tested. The maximm values obtained for given values of Dp/Dy, -
Mach number, and cowling have been plotted in figures 24 to 26 as a — -
function of the cone semiangle, Every point on the curves corresponds ~

to a different cowling position parsmeter whose values can be determined
from flgures 12 to 22,

Figure 24 gives the value of the highest p}essure recovery obtained
ag a function of the cone semiangle for & Mach pumber of 3.30 for the .
40,70 and 7°,10° cowlings. A meximum pressure recovery of 0,56 has been . D

D :
obtained for 6, = 22° and 55 = 0,83% for the 4°,7° cowling. For this
L ’ - : el T
condition 63 is larger than 63%; therefore, the external drag is low,
If the value of DB/DL decreases, the maxIimum internal contraction

decreases and, therefore, the velue of the maximum pressure recovery

for a given cone angle decreases. The maximum velue of pressure recovery
for low values of Dp/D; increases as the cone engle increases. This
variation ie logical because as the value of 6, increases the Mach
nunber at the inlet decreases and the contraction ratio required in

order to obtain high recovery decreases, The highest pressure recovery
is obtained for a semicone angle of about 22°, --The corresponding
internal contraction ratio is the maxlmmim value of contraction ratio
permitted by the starting conditions (fig. 10). .

If the inclinstion of the cowling lip angles is 1ncreased the L )
shapes of the curves do not change. - : - - <

WAV g e gt
B P
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The corresponding values of highest presesure recovery obtalned as
a function of the semicone angle for a Mach number of 2.75 for the
49,79 and 79,100 cowlings are shown in figures 25(a) and 25(b) for super—
sonic entrance flow. For some conditions the highest pressure recovery
obtalined has besen obtained for subsonic entrance flow. Therefore, two
dlagrams have been plotted for each cowling (figs. 25(c) and 25(a)).

Figure 25(a) gives the highest Tressure recovery obtained for super—
sonlc entrance flow for the 4° ,7 cowling. The highest pressure recovery
obtained is 0.67. The value occurs for O = 22° at an internal comn—

traction ratio near the maximunt possible for the starting conditions.
Figure 25(b) gives similar results for the 7°,10° cowling.

Figure 25(c) gives the values of highest pressure recovery obtained
as & function of the cone semlangle for the 4°,7° cowling with subsonic
entrance flow. The highest pressure recovery obtained is 0.68 for

= 22° and 30°,

The highest pressure recovery obtained for subsonic flow seems to
occur for large values of semicone angle because no internal supersonic
compression is used.

Figure 25(d) shows results similar to figure 25(c) for the
7°,10° cowling., The highest pressure recovery obtained is of the order
of 0.69.

Figures 26(a) and 26(b) give the highest values of pressure recovery
obtained at M = 2.45 as a function of the cone gsemiangle for different
body dlameter paramsters for the 4°,7° ami 7°,10° cowlings and super—
sonic entrance flow. The maximum pressure recovery obtained far the
40 79 cowling is 0.77 for 6, = 23° to 24k°. For the 7°,10° cowling the
maximim pressure recovery ls obtained for 6, = 25%, For 8 = 30°

supersonic flow at the entrance is not possible. Probably slightly
higher values of pressure recovery could be obtained for 6, = 26° to 27°.

The maximim pressure recovery obtained is about 0,78.

Figures 26(c) and 26(d) give the highest pressure recovery obtained
with subsénic flow at the entrance. A pressure recovery of 0.82 has
been obtained for 6, = 30° and the 4°,7° cowling and 0.80 for 8, = 25°
for the 4°,7° and 7°,10° cowlings. The results show that the optimum
cone angle decreases slightly when the Mach number increases, and in the
range of Mach mumbers considered, is in the range of 22° to 25° for super—
sonic entrance flow,
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The Highest Pressure Recovery Obtained as s Function o

of the Central—Body—Dismeter Parameter

The figures 12 to 22 have been cross~plotted and the highest value
of the pressure recovery obtained for every semicone angle and cowling
combination has-been plotted as a function of the central-body—diameter
parameter for a given Mach number tested (fige, 27 to 32). In order to .
have an idea of the value of the pressure recovery for Mach numbers 4if-— -
ferent from the Mach number considered, the maximim pressure recovery
obtained for the same cone angle, cowling, and cowling position parameter
at Mach numbers other than the Mach number considered have also been
plotted., Therefore, every Figure gives the highest possible pressure
recovery obtalned as a function of the central-body-dlameter parameter .-
for the Mach number consldered and the meximum pressure recovery obbtained
for the same configuration (same 6; or constant geometry) for the other
Mach numbers. These values are not the highest possible values for the
central-body-diameter paramester considered.

The points indicated in the figures are not necessarily experimental
points., However, the square and circle symbole are still used in order »
to distinguigh the conditions for which the flow is supersonic at the
entrance of the diffuser (circle symbols) Ffrom the conditions for which
the flow at the entrance is subsonic (square symbols). .

In the figures the cenmtral-hbody-diameter psrameter for which the
conical shock is at the lip of the cowling is also shown (91 87 )

For values of the central—body parsmeter egual to or lees than this
value, the conical shock is inside the cowling and, therefore, the -
external drag is small and the internal mass flow 1s the maximum possible
because the free—streem tube that enters the cowling is equal to the
croge section of the entrance of the inlet. When DgfD;, is larger than

the value corresponding to the condition 6% =983, the conlcal shock

is in front of the lip and, therefore, the external drag is larger
because an additive drag exists (reference 1), and the mass flow is less
then the maximum possible for the entrance cross section considered.

The entering mass flow for the supersonic entrance conditions can be
eagily determined from the analysis of conical flow. ;

Figure 27 gives the highest pressure recovery obtained at a Mach
nutber of 3.30 as a function of the central-body—dismeter parameter for
the 4°,7° cowling and semicons angles of 20°, 220, 259, and 30°, The -
meximm value of pressure recovery for M = 3 30 and the 20° or 220 cones

D
is obtained around Bf 0.8k for which. 63 = 92 - The maximm value

of pressure recovery obtained 1s for 6 = 220 for which g— = 0,56.
o)
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When the value of DB/DL decreases the pressire recovery decreases, but

supersonic £low can be established in the diffuser also for lower Mach
numbers.

Figure 28 gives similar results for the 7°,10° cowling. For this
cowling the maximum pressure recovery also occurs around values of

D
'_B = 0.821'0
D1,

Figure 29 gives the highest pressure recovery obtalned as a function
of the central-body—diameter paresmeter at & Mach number of 2.75 for the
)+°,7° cowling and for 6, = 20°, 220, and 250, respectively. For

-]];—i ~ 0.80 and 6, = 22° a mressure recovery of 0.67 is obtained

together with low external drag. At a Mach number of 3.30 for the same
configuration the pressure recovery is 0.50 (fig. 29(b)).

Similer results at a Mach number of 2,75 for the 7°,lO° cowling are
given in figure 30. At a Mach number of 2.75 and 6, = 22°, a pressure

recovery of 0.68 is obtalned for ];]—i = 0,80 and at a Mach number of 3.30

the pressure recovery for the sesme configuration beccmes 0.50.

A similar analysis has been made for a Mach number of 2.45,
Figure 31 gives the highest pressure recovery obtalned as a function of
the central-body—diameter parameter for the 40 ,"{° cowligg and semicone

angles of 200, 22°, 25°, and 30°, Far 6, = 22° and 5% = 0.77, the

pressure recovery for M = 2.45 is 0,77 and the corresponding recoveries
at M=2.75 and 3.30 are 0,65 and 0.47, respectively, with very low

> :
external drag. With subsonic flow in front of the inlet for EB x 0,800,

pressure recoveries of 0,80 and 0.82 have been obtained with semicone
angles of 25° and 30°, respectively.

Figure 32 gives similar results of the 7°,10° cowling ]f)or semicone
angles of 20°, 25°, and 30° at a Mach number of 2.45. At D_B ~ 0.80
L

and supersonic entrance flow, pressure recoveries of 0.77, 0.67, and 0.51
have been obtained for Mach numbers of 2.1!—5, 2.75, and 3.30, respectively.
The Maximm Pressure Recovery as a Function of Mach Number

A typical variation of pressure recovery as a function of Mach
number for & constant geometry inlet is shown in figure 33, The typical

configuration has a semicone angle df 22°, the 4°,7° cowling, 5? = 0.83%4,
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and @5 = 32. 29, Part of the curve corresponds to subsonic flow in front

of the inlet and part of the curve corresponds to superQOnic flow in
front of the inlet.

The highest values of pressure recovery obtained from all the con—
figurations tested are shown in figursé 34, For comparison the pressure
recovery for the inlet with all internal compression .is also shown, The
information for the inlet with all internal compression has been taken
from reference 2,

Figure 35 gives the optimum values of kinetic energy recovered by
all the conflgurations tested and the diffuser from reference 2. The
values have been calculated by using the information in figure 34 and
the expression (reference 2):

L

3.5
5 Po
=1-2- {22 -1
T M2 (Pf_>

Optical Observations of the Flow Phenomena about the Inlets

The shadowgraphs taken for every test polnt give a further indica~—
tion of the flow phenomena gbout an inlet. Thus a comparative analysis
of the external drag of the dlfferent configurations caen be made. In
flgures 36 to 39 some shadowgraphs of the configurations tested are
shown, . :

Figure 36 gives the shadowgraphs for 6, = 25°, th?_7°,lO° cowling

D
and 52 = 0,817 for different values of 67 at the condition of maximum

L
pressure recovery for M = 3.30. The shadowgraph in figure 36(a) shows
the supersonic flow configuration at 67 = 31°, whereas figure 36(b)

shows the subsonic flow configuration (reduced mass flow) for the same 8,

(fig. 19(d)). The differences in the curvature of the external shocks

in the external flow shows that the drag is large for subsonic entrance
flow conditions. When 637 becomes 3%.1° the conical shock enters the

cowling and the externsl'drag becomes very small. Figure 36(d) corre—

sponds to a 6; of 35.4° with the conical shock still farther in the

inlet. Figures 36(e) and 36(f) correspond to & 6, of 35.9°. Both

photographs have a strong shock in front of the lip. Figure 36(d) corre—
sponds to the maximum possible mass flow in the inlet, whereas figure 36(e)
corresponds to a slightly reduced mass flow, before the flow vibrations
gtart. When the mass flow is reduced, the strong shock increases in
intensity (fig. 36(f)). Figures 36(85 and 36(h) show similar results

for 6, = 36.6°. The shadowgraph (fig. 36(g) ). corresponds to the maximum

mass flow and figure 36(h) to a reduced mass flow. The ghadowgrapks in-
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figures 36(b), 36(f), 36(g), and 36(h) show the existence of the lambda
shock at the surface of the comnse.

Figure 37 shows the shadowgraphs &t a Mgch number of 2.75 for 8, = 200,

the T7°,10° cowling and %% = 0.817 for different values of 63 at the

condition of meximum pressure recovery. The tests were made at & 1° angle

of attack. The corresponding values of pressure recovery as a function

of the cowling—position parameter are given in figure 13(b). Figures 378&)
to 37(e) corresgoni to cowling—position parameters of 27.2°, 27.9°, 28.k

28.9°, and 29.4°, respectively. For all these conditions the flow at the
entrance is supersonic. Figure 37(f) corresponds to a 6; of 29.9° for

which subsonic flow exlsts in front of the inlet. The strong compression
in front of the inlet produces a geparatlon at the surface of the central
body and, therefore, the shock near the surface appears as a lambda shock.
The separation is visible in the photograph.

2

Figure 38 shows the shadowgraphs at a Mach number of 2.45 for 6, = 22°,
D .
the 7°,10° cowling, and 5% = 0.752 for different velues of 6; and at
an angle of attack of 2°, The corresponding velues of pressure recovery
are given in figure 16(b) for zero angle of attack. Far a 2° angle of
attack the values do not change. Figure 38(b) corresponds to 83 = 35.7°

and supersonic flow at the entrance, whereas figure 38(c) corresponds to
the seme 6; but with a reduced mags flow. The photograph shows that

when the flow into the inlet is subsonic, the flow phenomens is strongly
dissymmetrical with respect to the axis of the inlet. This lerge dis—
gymmetry of the flow phenomena always occurs for subsonic entrance flow
when & emall geometrical dissymmetry exlists., This discontimmity produces
a variation of extermal aerodynamical properties of the body and the
varlatlions occur discontinuously when the strong shock jumps in front

of the inlet. Im order to avoid discontinuitles of the internsal snd
external aeroiynamic characteristics of the inlet, the inlet mmst be
designed i1n such a manner that supersonic internal flow can be malntained
over all the range of gossible angles of attack. TFigure 38(d) corre—
gponds to a O3 = 34.4° and supersonic flow at the entrance, whereas

figures 38(e) and 38(f) correspond to a @3 of 35.1° with supersonic

and subsonic flow at the entrance, respectively. The pressure rescovery
for the condition of subsonic flow at the entrance shown in Pigure 38(f)
ig larger than for the condition shown in figure 38(e); however, as can
be geen by the shock configuration, the external drag is larger for -the
condition of subsonic flow. In figure 38(f) the lambda shock and the
separation of the flow from the upper surface can be seen.

Figures 39(a) to 39(d) present some shadowgraphs for the inlet with
large external compression st s Mach number of 3,30 and different values
of 67 and at a Mach number of 2.75 and 63 = 30.5°., For comparison

figures 39(e) and 39(h) show shock configurations for inlets designed

i S BRI T
N ii)l'..i'.‘]'l;_lv_w__
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for low external compression and having supersonic or subsonic flow at
the entrance, Figure 39(a) corresponds to acowling—position parameter
of 28.9° and & maximum pressure recovery of 0.49, Figure 39(b) corre—
sponds to a cowling~position perameter. of 30° and a maximum pressure
recovery of 0,54, Figure 39(c) corresponds to a cowling-position
parameter of 30.3° and a pressure recovery of 0,5k, From an analysis
of the three photographs 1t can be seen that the compression 1s more
nearly isemtropic in figure 39(a); however, the pressure recovery,
because of the presence of the boundary layer, is less than the maximum
value obtalned when supersonic compression gccurs all in front of the
second deviation on the central body. All the results of these lLests
gshow that the phenamena in the boundary layer are of fundamental Impor—
tance in the deslgn of supersonic diffusers. -

The formation of lambde shock seems to Increase the value of the
pressure recovery if the separation following the shock is smell. When
the lambde shock 1is followed by large separation and the weke fills &
large part of the entrance region, the pressure recovery decreases,

The boundary-layer seperation is also related to the fluctuation
of the subsonic stream, These fluctuations are very important from the
point of view of stability because a shock of some gtrength is required
in order to have stebility. This shock limits the value of the maximum
pressure recovery that can be obtained for a given Mach number.

Figure 39(d) is the shadowgraph at a Mach pumber of 2.75 and
6, = 30.5°. TFigure 39(e) is a shadowgraph for comparing the flow con—

figuration for en inlet having a semicone angle of 229, 79,10° cowling,
6, = 31.4°, and =B =0.85, ard a pressure recovery of 0.56, with the

flow phenomensa of figures 39(a) to 39(c). Figure 39(f).- is a shadowgraph

D
of an inlet with 6, = 20°, the 4°,7° cowling, and ]—)ﬁ = 0,867 for a

L L - -
Mach number of 3.30. The pressure recovery is 0.53. A shadowgraph for
the same cowling and central body combination but 67 = 30° is shown

in figure 39(g). For this configuration the pressure recovery is 0,51
(fig. 12(c)). In figures 39(f) and 39(g) the lambdae shock is clearly
shown., TFigure 39(h) shows a shadowgraph at M= 2,75 for the inlet
having & semicone angle of 22°, the 4°,7° cowling, i—: = 0,8000

and 63 = 32,9°, The pressure recovery for this configuration is 0.67,

From the anslysis of the shadowgrephs some indication for
oxplaining the phenomens of vibration can be obtained. The vibra—
tiong occur only when the flow in the internsl part of the diffuser is
all subsonic, For this condition the disturbances from the subsonic
part can be transmitted upstream, The vibrations occur when separation
exlsts at the surface of the cone produced by the strong shock in front
of the inlet. Any variation of the position of the point of meparation
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changes the position of the shock in front of the inlet and the dimension
of the weke at the entrance of the diffuser, and, therefore, the mass
Plow entering the inlet. To a variation of mass flow there corresponds

8 veriation of back pressure at the end of the diffuser which is trans—
mitted upstream and thus produces a vibration. The intensity of the
vibration seems to depend upon the intensity of the separation and does:
not exist if the separation is very small, The vibrations seem to be
reduced if the position of the point at which the separation begine is
fixed by the geometrical construction of the inlet.

CONCLUSIONS

From the analysis of the aerodynamic criteris of the design of
supersonic inlets and from the analysis of the experimental results, the
following concluslons can be obtained:

The inlets using extermal compression permit a larger pressure
recovery than the inlets with all internal compression. For practical
problems at low Mach numbers (of the order of 1.4 to 2.0) the supersonic
compression can be obtained all ocutside the inlet without a large
increase in external drag. For Mach numbers of the order of three in
practical problems, the maximm cross section of the body which contains
the inlet can be of the same order of megnitude as the cross section of
the free—stream tube used for the intermal flow. In this case the use
of all external compression produces a very large increase of exbternsal
drag and the increase in efficiency obtained is not Justified when the
external drag is considered.

A practical golution requires a good compromise between the increase
of pressure recovery and the increase of external drag due to the external
compression., When the external compression is reduced and the free—
stream Mach mumber is large, to increase the pressure recovery it is
convenient to use an intermal supersonic diffuser. With a good combina—
tion of externmal and internal supersonic compression, pressure recoveries
of the order of those obtained using veiy large external compression have
been obtained. In this case, the corresponding external drag is reduced
to a very small value. For practical applications it 1s possible to
design inlets having the external drag required by the proportion between
the cross section of the free—stream tube corresponding to the internal
flow and the maximum cross section of the body end at the same time having
high pressure recovery.

In order to avoid discontinuities of the aerodynemical properties,
the inlets must be designed with the criterie of having supersonic flow
for the range of angles of attack to be used.

The maximm possible contraction ratio in order to start the intermal
supersonic diffuser has been found to correspond practically to the value
given by the one—~dimensional theory.
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The increase of the value of.the internal contraction ratio using
variable geometry does not increase the pressure recovery because of the
disturbances from the subsonic diffuser, An increase in contraction
ratio does not correspond to an increase in pressure recovery because
the Mach number at which the flow in the divergent diffiuser passes from
supersonic to subsonic Mach numbers is not fixed by the Mach number at

the minimum section, but is fixed by stability criteria.” Also for con—
stant geometry the shock occurs at somewhat higher Mach numbers than at .

the throat.

Experimental results show that the boundery layer along the surface
of the central body has a large influence on the value of the pressure
recovery which can be obtained. At high Mach nunbers, if a strong com—
rression occurs along the surface of the central body, & separation can
be produced which reduces the gain expected by a large extermal

compresgaion, P -

When the internal mass flow 1s reduced somswhat from the maximmm
value possible for every configuration enalyzed, instability phenomensa
have been found in the flow.

The tests have shown that supersonic flow can be established inside
the inlet if the comtraction ratio is fixed considering the starting
conditions and if the shape of the chamnel permits reflection of the
shock at the lip and from the surface of the central body.

For a Mach number of 3,30 a pressure recovery of 0,57 has been
obtained with a configuration having very low external drag. This value
is higher than any other value previously obtained

At Mach numbers of 2,45 and 2.75 maximum pressure recoveries of 0.78

and 0.67 have been obtained with the configurations having low external
drag as compared to 0.84 and 0,72 to configurations havipg external com—
pression and high extermal drag. ~ _

A qualitetive analysis of shadowgraph plctures taken during the
tests shows that the drag of the inlets tested: for supersonic entrance

flow 1s small,

Langley Aeronautical Laboratory
Natlonal Advisory Committee for Aeronautics

Langley Field, Va.
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Figure 3.- Supersonic flow phenomena into iniets,
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. Figure 5.~ Flow configuration of an inlet operating below the design Mach number.
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(e) 6, = 35.98° (£) 8, = 95.9°, (8) 6, = 36.6°,

Figure 36.- Shadowgraphs of inlet configuration for 8, = 25°, the 7°, 10° cowling and D B /DL = (0,817
for different values, of Be for M = 3,30. (The corresponding values of pressure recovery are

given in fig, 19(d).) M
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(f) 6, = 29.9°,

Figure 37.- Shadowgraphs of inlet configuration for 8, = 20°, the 7°, 10° cowling and Dy /Dy, = 0.817
for different values of Be for M = 2.75. (The corresponding values of pressure recovery are

given in fig. 13(b).) “

a8







(b) 6, = 35.7°,

(s} — 0
(@) 8, = 34.4° (e) 6, = 36.1°

Figure 38.- Shadowgraphs of inlet configuration for 6§, = 22°, the 7°, 10° cowling and Dy /Dy, = 0.752
for different values of Be for M = 2.45. (The corresponding values of pressure recovery are

given in fig, 16(b).) . —
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Figure 30.- Shadowgraphs of inlet configurations with large and small internal compression at

M-=33 and M= 275, M
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